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HIGHLIGHTS OF THE 2024 EDITION OF THE REVIEW OF PARTICLE PHYSICS

All PDG data and review articles are available online at pdg.lbl.gov.

869 new papers with 2,717 new measurements‘ 120 reviews (most are revised)

e 320 new measurements from LHC e Major revision of Higgs Physics review

experiments (ATLAS, CMS and LHCbD).

Extensive Higgs boson coverage from 231
new papers and 557 measurements with
latest results on mass, couplings, decay
width and branching ratios, plus searches
for other neutral and charged Higgs bosons.

Supersymmetry: 36 new papers with 148
measurements with major exclusions.

Top quark: 35 new papers provide latest
results on mass, coupling, and the discovery
of four top quark production at LHC.

W mass: CDF published a new measure-
ment of the W mass. It is more precise
than the world average at the time, but the
two results disagree. See comments in
Particle Listings and our W mass review

referencing the extensive studies done by
the LHC TeV My, working group.

c-, b-hadron physics: 161 papers and 597
measurements provide world-best data on
lifetimes, mixing, CP violation, CKM
angles, and constraints on new physics.

Neutrino Physics: 10 new papers with
measurements on neutrino mass, mixing,
and CP-violation.

Meson resonances: Substantial improve-
ments, including new cross particle fits
involving J/¢(1S5), 425) and n.(15),
merging of 7;(1400) and 7 (1600) with
non-qq quantum numbers into same node,
listing of complex pole positions when
available, and inclusion of recently observed
states. Several mesons now considered
established added to Summary Tables.

New naming scheme for the many recently
discovered mesons and baryons with ¢ or b
quarks that are not compatible with
conventional qq or qqq structures. Listed in
“Other mesons” and “Exotic baryons”
sections.

summarizes latest LHC results and
constraints on new physics.

e Major revision of Cosmic rays review, now
covering all components of cosmic rays
including neutrinos (which were previously
discussed in Neutrino Telescopes in Particle
Detectors for Non-Accelerator Physics).

e Major revison of Large time-projection
chambers for rare event detection in
Particle Detectors for Non-Accelerator
Physics.

e Major revision of Top Quark review
summarizes latest LHC results and
constraints on new physics from top quark.

e Major revision of Heavy Non-qq Mesons
review follows new naming scheme for
states not compatible with gq or gqq
structures.

o Semiconductor detectors section of Particle
Detectors at Accelerators review includes
recent developments.

e New section on goodness-of-fit tests and
expanded discussion of statistical tests in
Statistics review.

e Updated EWK fit in FElectroweak Model
and Constraints on New Physics review.

e Semileptonic B Hadron Decays,
Determination of Vi and V, includes
latest results and discusses long-standing
issues with inclusive and exclusive
measurements.

e Updated cross section results in the
Neutrino Cross Section Measurements
review.

e Updated 7 decay parameters and
branching ratio (BR) fits, including new
treatment of BR(a1(1260) — 7).
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Introduction

1 Overview

The Review of Particle Physics is a comprehensive review of
the field of Particle Physics and of related areas in Cosmology. It
is divided into two volumes. Volume 1 includes the “Summary
Tables” and “Reviews, Tables, and Plots”. Volume 2 consists of
the “Particle Listings”.

The Review is updated each year and made available on the
PDG website (pdg.lbl.gov). In even-numbered years, the Review
is also published in a journal and printed as the PDG Book to-
gether with an abridged Particle Physics Booklet containing Sum-
mary Tables and essential tables, figures, and equations from se-
lected review articles. This edition is an updating through Jan-
uary 2024.

The Summary Tables give our best values and limits for particle
properties such as masses, widths or lifetimes, and branching frac-
tions, as well as an extensive summary of searches for hypotheti-
cal particles and a summary of experimental tests of conservation
laws.

The 95 review articles in Reviews, Tables and Plots cover a
wide variety of theoretical and experimental topics. Together with
the Summary Tables they provide an exhaustive reference for the
practicing particle physicist. Two more review articles, Online
Particle Physics Information and Tests of Conservation Laws, can
be found in the introduction and Summary Tables, respectively.

The Particle Listings are a compilation/evaluation of data on
particle properties. They contain all the data used to get the val-
ues given in the Summary Tables. They also give information on
unconfirmed particles and particle searches. In this edition, the
Particle Listings include 2,717 new measurements from 869 pa-
pers, in addition to the 46,838 measurements from 12,909 papers
that first appeared in previous editions [1]. 23 review articles
are part of the Particle Listings and address specific aspects of
the data presented in the Listings. Because of the large quantity
of data, the Particle Listings are not an archive of all published
data on particle properties. We refer interested readers to earlier
editions for data now considered to be obsolete.

‘We organize the particles into six categories:

e Gauge and Higgs bosons
Leptons

Quarks
Mesons

e Baryons

e Searches not in other sections

The last category only includes searches for particles that do not
belong to the previous groups. For example, it includes searches
for supersymmetric particles, compositeness and extra dimen-
sions, while searches for heavy charged leptons are with the lep-
tons.

In Sec. 2 of this Introduction, we list the main areas of respon-
sibility of the authors of the Particle Listings. Our many consul-
tants, without whom we would not have been able to produce this
Review, are acknowledged in Sec. 3. In Sec. 4, we mention briefly
the naming scheme for hadrons, and in Sec. 5, we discuss our pro-
cedures for choosing among measurements of particle properties
and for obtaining best values of the properties from the measure-
ments.

The accuracy and usefulness of this Review depend in large
part on interaction between its users and the authors. We appre-
ciate comments, criticisms, and suggestions for improvements of
any kind. Please send them to pdg@lbl.gov from where they will
be forwarded to the appropriate author according to the list of
responsibilities in Sec. 2 below.

In addition to the online publication at pdg.lbl.gov, the Review
is available in different formats:

e The printed PDG Book includes volume 1 only, i.e. it con-
tains the Summary Tables and most review articles. Since the
2016 edition [2] the detailed tables from the Particle Listings
are no longer printed.

e The Particle Physics Booklet includes the Summary Tables
plus essential tables, figures, and equations from selected re-

view articles. Starting with the Booklets of the 2018 edi-
tion, we have excluded most text and explanations in order
to revert back to a more pocket-sized format. The Booklet
is available in print, as a web version optimized for use on
phones, and as an Android app (see pdg.lbl.gov/booklet).

e pdgLive (pdgLive.lbl.gov) is a web application giving more
interactive access to PDG data than the static web pages
and PDF files that are also available.

e Files that can be downloaded from the PDG website include
a table of masses, widths, and PDG Monte Carlo particle
ID numbers; PDF files of volume 1 (PDG Book), volume
2 (Particle Listings) and Booklet; individual review articles;
all figures; and an archive file containing the complete PDG
website (except for pdgLive).

e Starting with the 2024 edition, the data published in the
Review of Particle Physics is available in machine-readable
format through a new PDG API (Application Programming
Interface). See pdg.lbl.gov/api for details.

Copies of the PDG Book or the Particle Physics Booklet can
be ordered from our website or directly at pdg.lbl.gov/order. For
special requests only, please email pdg@lbl.gov in North and South
America, Australia, and the Far East, and pdg-products@cern.ch
in all other areas.

This Review is considered to be a single comprehensive review
of particle physics and related areas. Therefore we prefer that it
be cited as a whole, rather than citing e.g. an individual review
article that is part of this Review. For the 2024 edition, the proper
citation is:

S. Navas et al. (Particle Data Group), Phys.
030001 (2024).

If you wish to refer to a specific part of the Review, for example
to the Higgs boson review article, the following form should be
used:

Status of Higgs Boson Physics in S. Navas et al. (Particle Data
Group), Phys. Rev. D 110, 030001 (2024).

Rev. D 110,

2 Particle Listings responsibilities

* Asterisk indicates the people to contact with questions or com-
ments about Particle Listings sections. Please contact them by
e-mail to pdg@Ibl.gov.

e Gauge and Higgs bosons
~y A. Bettini, D.E. Groom*

Gluons R.M. Barnett,* A.V. Manohar
Graviton A. Bettini,* D.E. Groom
W, Z M. Griinewald,* A. Gurtu*

S. Heinemeyer,* K. Hikasa, J. Tanaka
R. Bonventre,* K.A. Olive, M. Tanabashi

Higgs bosons
Heavy bosons

Axions C. O’Hare, K.A. Olive, G. Raffelt,*
F. Takahashi
e Leptons
Neutrinos M. Goodman, C.-J. Lin,* K. Nakamura,

K.A. Olive, A. Piepke

Double-3 decay  A. Bettini*, A. Piepke

e, A. Bettini,* C. Grab
T A. Lusiani, K. Monig*
e Quarks
Quarks R.M. Barnett,* A.V. Manohar

Top quark Y. Sumino, W.-M. Yao*
vt Y. Sumino, W.-M. Yao*
Free quark  A. Bettini,* C.-J. Lin
e Mesons
TN A. Bettini,* C. Grab
K (stable) G. D’Ambrosio, C.-J. Lin*
D (stable) G. Casarosa, J. Rademacker,
D. Robinson*
B (stable)  A. Cerri,* P. Eerola, M. Kreps,

Y. Kwon, W.-M. Yao*
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Unstable mesons  C. j‘;r}lsl;[)r,* il’.d(?ru;sche,cc.LHanhart7 e P. Blasi (GSSI)
.J. Hernédndez-Rey, C. Lourenco,
A. Masoni, M. Mikhasenko, * M. Bona (QMUL)
R.E. MltCheH, S. Navas, e C. Bonifazi (ICAS and ICIFI, UNSAM)
C. Patrignani, C. Schwanda, e D. Bose (Indian Inst. Tech., Kharagpur)
S. Spanier, G. Venanzoni, e E. Brost (BNL)
C.Z. Yuan e R. Bruce (CERN)
e D.A. Bryman (TRIUMF)
e Baryons

e Miscellanoues searches

Stable baryons
Unstable baryons

Charmed baryons

Bottom baryons

C. Grab, D. Robinson*

V. Burkert, V. Crede, U. Thoma,
L. Tiator, R.L. Workman*

G. Casarosa, J. Rademacker,
D. Robinson*

A. Cerri,* P. Eerola, M. Kreps,
Y. Kwon, W.-M. Yao*

Monopole
Supersymmetry

Technicolor
Compositeness
Extra Dimensions

WIMP, DM, Other

3 Consultants

The Particle Data Group benefits greatly from the assistance
of hundreds of physicists who are asked to referee review articles
and verify every piece of data entered into this Review. Of special
value is the advice of the PDG Advisory Committee, which meets
biennially and thoroughly reviews all aspects of our operation.
The members of the 2022 committee are:

S. Demers (Yale)

D. d’Enterria (CERN)
J. Frieman (FNAL)

S. Gori (UCSC)

T. Nakada (EPFL)
M. Yokoyama (Tokyo)

A. Bettini,* D. Milstead
H.K. Dreiner,* A. de Gouvéa,
I.-A. Melzer-Pellmann,
K.A. Olive, I. Vivarelli
K. Agashe,* K.A. Olive, M. Tanabashi
M. Tanabashi, J. Terning*
T. Gherghetta, K.A. Olive,
D. Robinson*
H. Baer, A. Bettini,* W.-M. Yao*

We have especially relied on the expertise of the following people
for advice on particular topics:

e 1. Abt (MPP, Garching)

R. Acciarri (FNAL)

e M. Albaladejo (IFIC, Valencia)
S. Alderweireldt (Edinburgh U.)
S. Alioli (INFN, Milano-Bicocca)
A. Antognini (ETH Zurich)

E. Aprile (Columbia U.)

M. Artuso (Syracuse U.)

N. Asbah (CERN)

P. Athron (Nanjing U.)

G. Azuelos (U. de Montreal)
P. Azzurri (INFN, Pisa)

R. Battiston (Trento U.)
R.A. Battye (Manchester U.)
O. Behnke (DESY, Hamburg)
G. Bell (Siegen U.)

e J. Bellido Caceres (Adelaide U.)
e V. Belyaev (ITEP)

e N.P. Berger (LAPP)

e F. Betti (Edinburgh U.)

e T. Biekotter (KIT)

E. Armengaud (CEA Saclay, DSM/IRFU/SPP)

e C. Buck (MPIK)

e M. Cadeddu (INFN, Cagliari)

e X. Calmet (Sussex U.)

e M. Calvi (INFN, Milano-Bicocca)
Cao (IHEP Beijing)

Capozzi (L’Aquila U.)

Capriotti (INFN, Ferrara)

Carli (CERN)

Carlo (INFN, LNGS)

Cartiglia (INFN, Torino)

Cavoto (Rome U.; INFN, Rome)
Cebrian Guajardo (U. de Zaragoza)
Cerutti (LBNL)

Cervantes (FNAL)

Chan (EAdUHK, Hong Kong)
Charles (CNRS)

Chen (CPPM Marseille)

Chen (Taiwan National U. Physics Dep.)
Chen (Queen’s U.)

Chen (Taiwan National U. Physics Dep.)
Chenghui (IHEP Beijing)

Chianese (INFN, Napoli; UNINA)
Chinone (KEK)

Chobanova (CERN)

Chou (Rutgers U.)

Clement (Stockholm U.)

Colangelo (Bern U.)

Contino (Rome U. Sapienza)
Cortes Gonzalez (Physik, Humboldt U.)
Crescini (Neel U.)

Cruz (Honduras U.)

Cukierman (Stanford U.; SLAC)
Da Via (Manchester U.)

Davies (Glasgow U.)

de Almeida Dias (NIKHEF)

De Angelis (INFN, Padova)

De Blas (Granada U.)

Della Monica (Salamanca U.)
d’Enterria (CERN)

Derbin (NRC Kurchatov Inst. PNPI)
de Vries (CERN)

de Wit (Zurich U.)

Di Domenico (INFN, Rome)

Di Marco (CERN)

Dong (IHEP Beijing)

Drexlin (KIT)

e J.J. Dudek (IReS)

e K. Dundas (Columbia U.)

e B. Dutta (TAMU)

e V. Dutta (UC Santa Barbara)

e A. Egorov (LPI Moscow)

e S.R. Elliott (LANL)

e R. Engel (KIT)

[ ]
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. Fischer (BNL)
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4 Naming scheme for hadrons

We introduced in the 1986 edition [3] a new naming scheme for
the hadrons. Changes from older terminology affected mainly the
heavier mesons made of u, d, and s quarks. Otherwise, the only
imﬁortant change to known hadrons was that the F* became the
Dg . None of the lightest pseudoscalar or vector mesons changed
names, nor did the ¢¢ or bb mesons (we do, however, now use xc
for the cc x states), nor did any of the established baryons. The
Summary Tables give both the new and old names whenever a
change has occurred.

In the 2018 edition [4], the naming scheme was extended to
address the naming of charmonium and bottomonium states that
were commonly referred to as X, Y, or Z states in the literature.
The further discovery of various exotic hadron states — including
in particular tetraquarks and pentaquarks containing qqgggq and
qqqqq minimal quark content, respectively — has rendered the
2018 extension insufficient. In this edition, the naming scheme
is revised and extended to cover all experimentally-known states.
The current scheme is described in “Naming Scheme for Hadrons”
(p- 1) of this Review. A table details the correspondence between
the names newly adopted by the PDG and those that have previ-
ously appeared in the literature.

‘We give here our conventions on typesetting style. Particle
symbols are italic (or slanted) characters: e~, p, A, 7%, K, Df,
b. Charge is indicated by a superscript: B~, AT+. Charge is
not normally indicated for p, n, or the quarks, and is optional
for neutral isosinglets: 1 or n°. Antiparticles and particles are
distinguished by charge for charged leptons and mesons: 7+, K.
Otherwise, distinct antiparticles are indicated by a bar (overline):

Uy, t, D, fo, and (the antiparticle of the 7).

5 Procedures

5.1 Selection and treatment of data

The Particle Listings contain all relevant data known to us that
are published in journals. With very few exceptions, we do not
include results from preprints or conference reports. Nor do we
include data that are of historical importance only (the Listings
are not an archival record). We search every volume of 30 journals
through our cutoff date for relevant data. We also include later
published papers that are sent to us by the authors (or others).

In the Particle Listings, we clearly separate measurements that
are used to calculate or estimate values given in the Summary
Tables from measurements that are not used. We give explanatory
comments in many such cases. Among the reasons a measurement
might be excluded are the following:

It is superseded by or included in later results.
No error is given.

It involves assumptions we question.

It has a poor signal-to-noise ratio, low statistical significance,

or is otherwise of poorer quality than other data available.

e It is clearly inconsistent with other results that appear to
be more reliable. Usually we then state the criterion, which
sometimes is quite subjective, for selecting “more reliable”
data for averaging. See Sec. 5.4.

e It is not independent of other results.

e It is not the best limit (see below).

e It is quoted from a preprint or a conference report.

In some cases, none of the measurements is entirely reliable and
no average is calculated. For example, the masses of many of
the baryon resonances, obtained from partial-wave analyses, are
quoted as estimated ranges thought to probably include the true

values, rather than as averages with errors. This is discussed in
the Baryon Particle Listings.

For upper limits, we normally quote in the Summary Tables the
strongest limit. We do not average or combine upper limits except
in a very few cases where they may be re-expressed as measured
numbers with Gaussian errors.

As is customary, we assume that particle and antiparticle share
the same spin, mass, and mean life. The Tests of Conservation
Laws table, following the Summary Tables, lists tests of CPT as
well as other conservation laws.

We use the following indicators in the Particle Listings to tell
how we get values from the tabulated measurements:

e OUR AVERAGE —From a weighted average of selected data.

e OUR FIT —From a constrained or overdetermined multipa-
rameter fit of selected data.

e OUR EVALUATION —Not from a direct measurement, but
evaluated from measurements of related quantities.

e OUR ESTIMATE —Based on the observed range of the data.
Not from a formal statistical procedure.

e OUR LIMIT —For special cases where the limit is evaluated
by us from measured ratios or other data. Not from a direct
measurement.

An experimentalist who sees indications of new a particle will
of course want to know what has been seen in that region in
the past. Hence, we include in the Particle Listings all reported
states that, in our opinion, have sufficient statistical merit and
that have not been disproved by more reliable data. However,
we promote to the Summary Tables only those states that we
feel are well-established. This judgment is, of course, somewhat
subjective and no precise criteria can be given. For more detailed
discussions, see the reviews section on Particle Properties.

5.2 Averages and fits

We divide this discussion on obtaining averages and errors into
three sections: (1) treatment of errors; (2) unconstrained averag-
ing; (3) constrained fits.

5.2.1 Treatment of errors

In what follows, the “error” dz means that the range = &+ dz is
intended to be a 68.3% confidence interval about the central value
z. We treat this error as if it were Gaussian. Thus, when the
error is Gaussian, dz is the usual one standard deviation (1o).
Many experimenters now give statistical and systematic errors
separately, in which case we usually quote both errors, with the
statistical error first. For averages and fits, we then add the two
errors in quadrature and use this combined error for z.

When experimenters quote asymmetric errors (dz)* and (§z)~
for a measurement x, the error that we use for that measurement
in making an average or a fit with other measurements is a con-
tinuous function of these three quantities. When the resultant
average or fit T is less than = — (dz)~, we use (dz)~; when it is
greater than x + (6x)t, we use (dz)T. In between, the error we
use is a linear function of z. Since the errors we use are functions
of the result, we iterate to get the final result. Asymmetric out-
put errors are determined from the input errors assuming a linear
relation between the input and output quantities.

In fitting or averaging, we usually do not include correlations
between different measurements, but we try to select data in such
a way as to reduce correlations. Correlated errors are, however,
treated explicitly when there are a number of results of the form
A; £+ 0; = A that have identical systematic errors A. In this case,
one can first average the A; 4+ o; and then combine the resulting
statistical error with A. One obtains, however, the same result by
averaging A; + (o +A?)1/2, where A; = aiA[Z(l/a?)]l/z. This
procedure has the advantage that, with the modified systematic
errors 4A;, each measurement may be treated as independent and
averaged in the usual way with other data. Therefore, when ap-
propriate, we adopt this procedure. We tabulate A and invoke an
automated procedure that computes A; before averaging, and we
include a note saying that there are common systematic errors.

Another common case of correlated errors occurs when experi-
menters measure two quantities and then quote the two and their
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58. 7 Branching Fractions

Revised April 2024 by Sw. Banerjee (Louisville U.) and A. Lusiani
(SNS, Pisa; INFN, Pisa).

58.1 7 Branching Fractions

The 7 Listings contains 252 entries that correspond to either
a 7 partial decay fraction into a specific decay mode (branching
fraction) or a ratio of two 7 partial decay fractions (branching ra-
tio). Experimental measurements provide values for 148 of these
quantities, upper limits for 67 branching fractions to Lepton Fam-
ily number, Lepton number, or Baryon number violating modes,
and 37 additional upper limits for other modes. A total of 129 7
branching fractions and branching ratios are determined with a
fit of 170 measurements. 85 quantities have at least one measure-
ment in the fit.

58.2 The constrained fit to 7 branching fractions
The 7 branching fractions fit uses the reported values, un-
certanties and statistical correlations of the 7 branching frac-
tions and branching ratios measurements. Asymmetric uncer-
tainties are symmetrized as 02, = (o—i + 02)/2. If only
a few measurements are correlated, the correlation coefficients
are listed in the footnote for each measurement (see for exam-
ple I'(particle™ > Oneutrals > 0 KO, (“1-prong”))/Iiotal). If a
large number of measurements are correlated, then the full corre-
lation matrix is listed in the footnote to the measurement that first
appears in the 7 Listings. Footnotes to the other measurements
refer to the first one. For example, the large correlation matri-
ces for the branching fraction or ratio measurements contained
in Refs. [1] [2] are listed in Footnotes to the I'(e”Vevr)/Iiotal
and I'(h™ vr)/T;ota1 measurements respectively. Additionally, the
most precise experimental inputs are treated according to how
they depend on external parameters on the basis of their docu-
mentation [3]. The 7 measurements may depend on parameters
such as the 7 pair production cross-section in ete™ annihilations
at the 7°(4S) peak. In some cases, measurements reported in
different papers by the same collaboration may depend on com-
mon parameters like the estimate of the integrated luminosity or
of particle identification efficiencies. For all the significant de-
tected dependencies, the 7 measurements and their uncertainties
are updated to account for the updated values of the external
parameters. The dependencies on common systematic effects are
also determined in size and sign, and all the common systematic
dependencies of different measurements are used together with
the published statistical and systematic uncertainties and corre-
lations in order to compute an updated all-inclusive variance and
covariance matrix of the experimental inputs of the fit.

The fit procedure parameters correspond to all measured 7
branching fractions and ratios, to some non-measured branch-
ing fractions and ratios like for instance B(r~ — 7~ K9 K%u.)
and to one nuisance variable. When discussing the fit results in
the following, the fit x2, the number of degrees of freedom, the
residuals and pulls all refer to the subset of fit parameters that
correspond to 7 branching fractions and ratios, excluding nuisance
variables. The fit parameters are optimized while respecting re-
lations described by a series of constraint equations. All the ex-
perimental inputs and all the constraint equations are reported
in the 7 Listings section that follows this review. In some cases,
constraints describe approximate relations that nevertheless hold
within the present experimental precision. For instance, the con-
straint B(r— — K- K~ KTv;) = B(r— = K ¢v;) x B(¢p —
K*TK™) is justified within the current experimental evidence.
The constraint equations between the 7 branching fractions and
ratios include quantities other than 7 branching fractions and
branching ratios, like for instance the branching fractions of the
n and w mesons. We neglect the uncertainties on these values
for all quantities except B(a; — 7~ +), whose value and uncer-
tainty were estimated by ALEPH [1] to be (0.21 & 0.08)-1072,
relying on a measurement of I'(a] — m~ ) [4]. This quan-
tity is included in the fit parameters as nuisance variable, with
a x? term corresponding to its estimate. We assume that
B(r= = ajvr) = B(r~ = nntrvr (ex. KO w)) + B(r— —
7 2%, (ex.K°)) + B(t~ — aj (n~7)v7), neglecting the ob-
served but negligible branching fractions to other modes, and that

B(t™ = aj] (n7y)vr) =Bt~ = ajvr)-Bla; — 7). The val-
ues of all other quantities in the constraint equations are taken
from the 2023 edition of the Review of Particle Physics.

In the fit, uncertainty scale factors are applied to the published
uncertainties of measurements only if significant inconsistency be-
tween different measurements remain after accounting for all rele-
vant uncertainties and correlations. When performing the fit with
no scale factors, the two measurements of B(7~ — K~ K~ KTv;)
have pulls exceeding 5o from the fit values. There are 170 pulls,
one per measurement. They are partially correlated, and the ef-
fective number of independent pulls is equal to the number of
degrees of freedom of the fit, 125. The probability of getting
pulls equal or larger than either one of the two very large pulls
in a sample of 125 is smaller that the probability of a 3o devi-
ation for a Normal variable. Therefore, it has been decided to
apply an uncertainty scale factor of 5.4 on all measurements of
B(t— - K~ K~ K*tv;) (one by BaBar and one by Belle). The
scale factor has been computed according to the standard PDG
procedure. After applying the scale factor, the pull distribution
of the measurements in figure 58.1 is reasonably Normal and the
pull probability distribution in figure 58.2 is reasonably flat.

number of measurements / 0.16

35 -3.0-25-20-15-10-05 00 05 10 15 20 25
pull

Figure 58.1: Pulls of individual measurements against the re-
spective fitted quantity.

number of measurements / 0.04

00 01 02 03 04 05 06 07 08 09 10
probability

Figure 58.2: Probability of individual measurement pulls
against the respective fitted quantity.

Considering only the residuals with respect to 7 branching frac-
tions and ratios measurements, the constrained fit has a x? of
135 for 125 degrees of freedom, corresponding to a x2 probability
of 26.0%. We use 170 measurements and 84 constraints on the
branching fractions and ratios to determine 129 quantities, con-
sisting of 112 branching fractions and 17 branching ratios. The
constraints include the unitarity constraint on the sum of all the
exclusive 7 decay modes, B, = 1. If the unitarity constraint is
released, the fit result for B,) is consistent with unitarity with
1— Ban = (0.07£0.11)%.

For the convenience of summarizing the fit results, we list in the
following the values and uncertainties for a set of 46 “basis” decay
modes, from which all remaining branching fractions and ratios
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can be obtained using the constraints. The basis decay modes are
not intended to sum up to 1. Since some basis quantities repre-
sent multiple branching fractions that are related by constraint
equations, the unitarity constraint corresponds to a linear com-
bination of branching fractions, with the coefficients listed in the
following. The coefficients of B(r~ — 7~ 27%, (ex.K?)) and
B(t— = 7 ntn v, (ex.K% w)) depend on the fitted value of
the nuisance variable, B(a] — 7~ 7) = 0.0022 £ 0.0008. The
correlation matrix between the basis modes is reported in the 7
Listings.

decay mode fit result coeff.

0.1739 + 0.0004 1.0000
0.1782 #+ 0.0004 1.0000
0.1082 + 0.0005 1.0000
0.00696 + 0.00010 1.0000
0.2549 #+ 0.0009 1.0000
0.00433 % 0.00015 1.0000
0.0926 4 0.0010 1.0022
(0.65 £ 0.22) - 1073 1.0000
0.0104 + 0.0007 1.0000
(0.48 4 0.21) - 10~ 1.0000
0.0011 = 0.0004 1.0000
0.00838 % 0.00014 1.0000
0.001486 & 0.000034 1.0000
0.00382 # 0.00013 1.0000
0.00150 % 0.00007 1.0000
(0.26 4 0.23) - 102 1.0000
(235 4 6) - 10~ 2.0000
0.00108 % 0.00024 1.0000

B(t™ — p~ vuvsy)

B(t~ — e Devr)

B(r™ = 7 vr)

B(t— - K v,)

B(r~ — 7~ x%;)

B(r— = K~ 7%,)

B(t~ = 7 27%, (ex.K?))
B(r~ = K27, (ex.K°))
B(t™ = 77 37%, (ex.K?))
B(t~ — K~ 37%, (ex.K°, 7))
B(t™ — h™ 47, (ex.K°, 1))
B(r— = 7~ K%,)

B(r— = K~ K%.,)

B(tm = 7 K°7%,)

B(tm = K~ K%°v,)

B(r~ = 7 K°27%, (ex.K?))
B(r™ —» mT K3K2v.)

B(r~ - m KgK?v,)

B(r~™ —» n~ K3K%n v,) (18.2 4+ 2.1) - 1075 2.0000
B(r~ —» m~ KgK?nv,) (0.32 4 0.12) - 103 1.0000
B(t— = K°h=h~htu,) (0.25 4 0.20) - 103 1.0000
B(r~ = m ntn v, (ex.K°, w)) 0.0899 £ 0.0005 1.0022
B(tm = ata 1%, (ex.K°,w)) 0.0274 4 0.0007 1.0000

B(t— = h=h=hT27%, (ex. K%, w, 7))
Bt~ - K- Ktv,)

B(tm = K- Ktn,)

B(t~ — 7~ w'nv,)

B(r~™ — K nu;)

B(t™ = K~ 7%v,)

B(r— = 7~ K%u,)

B(r~ = atan nu, (ex.KY))

B(t™ = K~ wv,)

B(t~ = h™nwr,)

B(r— — K~ ¢v,)

Bt — 7 wrr)

B(t— = K- n ntv, (ex. K% w))
B(rm = K- n nt7%, (ex. K%, w,n))

0.0010 + 0.0004 1.0000
0.001435 = 0.000027 1.0000
(61 4 18) - 10~° 1.0000
0.00139 + 0.00007 1.0000
(155 £ 8) - 10~ 1.0000

(48 +12) - 10~° 1.0000
(94 £15) - 10~% 1.0000
(220 £ 13) - 1079 1.0000
(0.41 £ 0.09) - 10~3 1.0000
0.0041 + 0.0004 1.0000
(44 +16) - 107° 0.8300
0.0195 £ 0.0006 1.0000
0.00293 % 0.00007 1.0000
(0.39 £ 0.14) - 1073 1.0000

B(r~ = 7 2r%wr;) (72 4+ 16) - 10~ 1.0000
B(t~ = 20 7 37%, (ex. K%, 1, w, f1)) (14 £27) - 1076 1.0000
B(r~ = 3n 2r v, (ex. K% w, f1)) (775 £ 30) - 10~% 1.0000
B(tm = K27 2nT v, (ex.KY)) (0.6 £1.2) - 10~¢ 1.0000
B(t~ = 2n nwr, (ex.K?)) (84 £6)-107% 1.0000
Bt~ — 3n 27 7%, (ex. K%, n, w, f1)) (38 £9)-107° 1.0000
B(tm = K 27 20T 7%, (ex.K?)) (1.1 £0.6) - 107¢ 1.0000
B(r— = n~ fi(2n 27 )v,) (52 £4)-107% 1.0000
B(t~ — 7 2n%nv, (ex.K?)) (0.19 4 0.04) - 103 1.0000

In defining the fit constraints and in selecting the modes that
sum up to one we made some assumptions and choices. We as-
sume that some channels, like 77 — rKtn— > 079, and
77 = 7t K=K~ > 0n%:, have negligible branching fractions as
expected from the Standard Model, even if the experimental lim-
its for these branching fractions are not very stringent. The 95%
confidence level upper limits are B(7~ — 7~ KT7~ > 0rv;) <
0.25% and B(t~ — 7t K~ K~ > 0n%0;) < 0.09%, values not so
different from measured branching fractions for allowed 3-prong
modes containing charged kaons. For decays to final states con-
taining one neutral kaon we assume that the branching fraction
with the K% are the same as the corresponding one with a Kg‘
On decays with two neutral kaons we assume that the branching
fractions with KgKg are the same as the ones with KgKg

58.3 BaBar and Belle measure on average lower
branching fractions and ratios.

We compare the BaBar and Belle measurements with the re-
sults of a fit where all the B-factories measurements have been
excluded. We restrict the comparison to the measurements that
are used in the fit, omitting two measurements that are super-
seeded with other results, and one measurement that is fully cor-
related with other measurements. We find that BaBar and Belle
measure on average lower 7 branching fractions and ratios than
the other experiments. Figures 58.3 and 58.4 show histograms of
the 25 pulls of the differences between B-factory measurements
and the respective non-B-factory fit results. The average pull be-
tween the two sets of measurements is -0.8¢ (-0.7¢ for the 14 Belle
measurements and -0.9c for the 11 BaBar measurements).
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Figure 58.3: Distribution of the normalized difference between
11 measurements of branching fractions and ratios published by
the BaBar collaboration and the respective averages computed
using only non-B-factory measurements.
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Figure 58.4: Distribution of the normalized difference between
14 measurements of branching fractions and ratios published by
the Belle collaboration and the respective averages computed us-
ing only non-B-factory measurements.

58.4 Overconsistency of Leptonic Branching
Fraction Measurements.

As observed in the previous editions of this review, measure-
ments of the leptonic branching fractions are more consistent with
each other than expected from the quoted uncertainties on the
individual measurements. The x2/n.d.o.f. are 0.34/4 for Be and
0.08/4 for B,,. The probability of getting a smaller x? is 1.3% for
Be and 0.08% for By,.

58.5 Technical implementation of the fit

The fit computes a set of quantities denoted with g; by minimiz-
ing a x?2 while respecting a series of equality constraints on the g;.
The quantities g; represent T branching fractions and branching
ratios, and nuisance variables. The fit minimization procedure is
equivalent to choosing a set of basis fit variables, using functions
of these basis variables to predict measurements, and determining
these basis variables by minimizing the measurements’ x2. The x?
is computed using the measurements m; and their covariance ma~
trix F;; as x2 = (m; —Aiqu)tEigl(mj — Aj1q1), where the model
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matrix A;; is used to get the vector of the predicted measure-
ments m/ from the vector of the fit parameters q; as m} = A;;q;.
There is one fit variable for each of the modes that have measure-
ments, therefore A;; = 1 when ¢; corresponds to the 7 branching
fraction or branching ratio of the measurement m;, and A;; =0
otherwise. The constraints are equations involving the fit param-
eters. The fit does not impose limitations on the functional form
of the constraints. In summary, the fit requires:

min [x*(qx)] = min [(m; — Aixar)' B (m; — Ana)] , (58.1)
subjected to  fr(gs) —cr =0, (58.2)

where the left term of Eq. 58.2 defines the constraint expressions.
Using the method of Lagrange multipliers, a set of equations is
obtained by taking the derivatives with respect to the fitted quan-
tities i and the Lagrange multipliers A, of the sum of the x2 and
the constraint expressions multiplied by the Lagrange multipliers
Ar, one for each constraint:

min [(Akgr—ma)' B (Ajiqi—m;) + 2r (fr(gs) — er)] =
= min [*(qx, Ar)]

(9/0q1,0/0Ar) [P gk Ar)] =0 (58.3)
Eq. 58.3 defines a set of equations for the vector of the unknowns
(g, Ar), some of which may be non-linear, in case of non-linear
constraints. An iterative minimization procedure approximates
at each step the non-linear constraint expressions by their first
order Taylor expansion around the current values of the fitted
quantities, gs:

fr(QS) —Ccpr = f?"(qs)-l— afgi(qs)
qs -

qs

(QS _‘js) —Cr,

which can be written as

/
Brsqs — Cr

where c]. are the resulting constant known terms, independent of
qs at first order. After linearization, the differentiation by ¢ and
Ar is trivial and leads to a set of linear equations

AL B Aja + B\ = AL ES T my (58.4)
Brsqs = cl. | (58.5)

which can be expressed as
Fijuj; =v; , (58.6)

where u; = (qx, M) and v; is the vector of the known constant
terms running over the index k and then r in the right terms of
Eq. 58.4 and Eq. 58.5, respectively. Solving the equation set in
Eq. 58.6 by matrix inversion gives the the fitted quantities and
their variance and covariance matrix, using the measurements and
their variance and covariance matrix. The fit procedure starts by
computing the linear approximation of the non-linear constraint
expressions around the quantities seed values. With an iterative
procedure, the unknowns are updated at each step by solving the
equations and the equations are then linearized around the up-
dated values, until the variation of the fitted unknowns is reduced
below a numerically small threshold.
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